Observations of the oscillatory exchange of excitation between N two-state atoms and a single mode of a highfinesse optical cavity are reported in a regime of weak-field excitation and of comparable atomic and cavity damping rates. The observed frequencies of oscillation, approximately given by g p N , where g is the singlephoton Rabi frequency, are in reasonable agreement with theoretical predictions.
INTRODUCTION
In recent years a great deal of attention has been focused on the study of the interaction of one atom or of a small collection of atoms with a single mode of a resonant cavity. 1 -4 The boundary conditions associated with the cavity may lead to substantial modifications of the radiative processes relative to those encountered in freespace emission and absorption. The presence of the cavity mode enhances the coupling between the atoms and the electromagnetic field. In particular, if the coupling of the collective atomic polarization to the intracavity field is sufficiently strong compared with relevant dissipative processes, an oscillatory regime is encountered in which the field radiated by the atoms excites the cavity mode, which subsequently reexcites the atomic polarization, and so on. The origin of this oscillatory exchange between the atoms and the cavity can be understood simply in terms of a mode splitting for a coupled system of oscillators, with the normal modes of the composite system split by the exchange frequency g p N . Here g is the effective coupling coefficient for any one of the N atoms to the cavity field.
Several early experimental investigations of such phenomena used Rydberg atoms in microwave cavities. 5 -10 In particular, the experiment of Kaluzny et al. 5 is of relevance to present work. That group reported for the first time the exchange of energy between atoms and field. Specifically, they prepared the polarization of the collection of atoms such that initially all the energy in the coupled oscillator pair was with the atomic oscillator. They then observed the time-dependent exchange of energy between the atoms and the cavity field. In this paper we report observations of this splitting in the optical regime that we made by monitoring the transient response of a collection of weakly excited atoms in a resonant optical interferometer. 11 -14 Here we begin with the initial excitation in the field and the atoms in an unexcited state. An abrupt change in magnitude of the excitation field leads to an oscillatory regression to a new steady state, with the time evolution governed by the eigenvalues of the linearized Maxwell-Bloch equations. Although most often in optical physics the coupling frequency g p N is small and is overshadowed by both the size and the disparity of the decay rates of the cavity field k, of the atomic polarization g Ќ , and of the atomic inversion g, it was first demonstrated in Ref. 10 that the condition g p N . . ͑k, g Ќ , g͒ can be readily achieved in the optical domain. In qualitative terms, the exchange of excitation is best observed when the dissipative rates of the cavity ͑k͒ and the atoms ͑g Ќ , g͒ are comparable. However, it is still necessary to have g p N . g, k. Because the interaction coupling g p N is at the heart of this simple quantum optical system, its consequences go well beyond our observation of the "oscillatory regime of spontaneous emission" 5 reported here. In a similar system the spectrum of this coupled system has also been investigated by the use of a weak probe beam and a heterodyne detection scheme. 15 -17 A two-peaked spectrum that corresponded to the response of the coupled system at frequencies 6g p N offset from the resonant frequency of the uncoupled atom or cavity-mode subsystems was observed. It was even possible to observe a splitting that was due to a single atom in the cavity. Furthermore, this same mode splitting was employed to generate squeezed states of light. 18, 19 Subsequent to the above-mentioned observations of phenomena related to the so-called vacuum Rabi splitting, other investigations were undertaken as well. 20 Evidence of the energy-exchange frequency also appears when one looks at the photon statistics of the light transmitted by a cavity strongly coupled to a small number of atoms; the photons emitted from the coupled system show the nonclassical property of photon antibunching, and in the time dependence of the correlations, an oscillatory behavior that corresponds exactly to this normal mode splitting is observed. 21 This paper is organized as follows. In Section 2 we present the theory for the transient response of the atoms when they are coupled strongly to the cavity field. The results are cast into a form suitable for the description of the experiments. Experimental results for two different configurations are presented and discussed in Section 3, with each one showing a different aspect of the coupled N atom 1 cavity system.
THEORY OF TRANSIENT RESPONSE
The model Hamiltonian for the interaction of a collection of N two-state atoms of transition frequency v a with a nearby single mode of a high-finesse interferometer of resonance frequency v c has been extensively studied in quantum optics. Our own work has its origins in the context of the optical bistability literature, 22, 23 in which, in addition to the coherent cavity coupling characterized by the rate g, each atom is coupled to free-space modes, leading to damping rates g Ќ for the polarization and g for the inversion, and for which the cavity field likewise decays to a continuum of freespace modes with rate k.
21
Note that ͑g Ќ , g͒ in general may differ from the usual free-space atomic decay rates in that those modes associated with the resonator are not included in the usual Weisskopf -Wigner treatment. For our particular experimental configuration, which is discussed below, the fraction of 4p sr subtended by the cavity mode is negligible. The Hamiltonian for the reversible coupling of the atoms and cavity is of the form
The coherent coupling of the atomic polarization to the cavity field is described byĤ 0 . ͑Ĵ z ,Ĵ 6 ͒ are collective atomic operators for the N atoms of transition frequency v a , and ͑â,â y ͒ are the annihilation and the creation operators, respectively, for the single cavity mode of resonant frequency v c . 22 The atoms and the cavity field are coupled through an assumed dipole interaction with coupling coefficient g ͑v c m d 2 ͞2"e 0 V c ͒ 1/2 , where m d is the transition dipole moment and V c is the effective cavitymode volume. The rotating wave approximation has been made to arrive at the above interaction part of the Hamiltonian.
In addition to the coherent processes described byĤ , it is necessary to take into account spontaneous emission of the atoms to modes other than the cavity (at a rate g), atomic polarization decay (rate g Ќ ), and loss of the cavity field through the mirrors (rate k) that is due to coupling to a set of continuum input-output modes. Finally, the possibility of exciting the system with an external field y is considered as well. All these features can be handled by standard master equation techniques. 23 In the limit N . . 1, equations of motion for generalized quasiprobability distributions have been previously derived in the optical bistability literature. 22 -24 The equations below for the mean values of the intracavity field x ͗â͘͞ p n 0 with n 0 gg Ќ ͞4g 2 , the atomic polarization v ͗Ĵ͘͞ p N , and atomic inversion m ͗Ĵ z ͘͞N , are equivalent to the semiclassical Maxwell -Bloch equations, in which the intracavity field is self-consistently coupled to the atomic variables. Note that n 0 expresses the ratio of bad (i.e., dissipative) coupling into the vacuum modes compared with good (i.e., reversible) coupling into the cavity mode. Excitation is provided by an external driving field y͑t͒. For the weak-field limit for which jxj , , 1, these equations become
The choice of normalization for x and y permits a straightforward interpretation. y is the intracavity field in the absence of atoms, and x the intracavity field in the presence of atoms, where jxj 2 , jyj 2 express an intracavity photon number of units of n 0 .
Equations (3) are written in a rotating frame of frequency v L , the frequency of the external driving field, and time is scaled in units of g 21 ͑t gt͒, m 2k͞g, and G g͞2g Ќ . The cavity and the atomic detunings are defined by Q ͑v c 2 v L ͒͞k and D ͑v a 2 v L ͒͞g Ќ , respectively. The cooperativity parameter C g 2 N͞2g Ќ k. Note that C has an interesting interpretation as being the ratio of coupling internal to the system ͑ g 2 ͒ to the coupling to the outside world ͑gk͒ for a single atom, multiplied by the number of atoms. In experimentally measurable terms, C is simply half the ratio of atomic loss to cavity loss, i.e., C alF ͞2p, where al is the small-signal atomic absorption for ͑D 0͒ and F is the cavity finesse. This definition of C originates in the optical bistability literature and was used to describe experiments for N . . 1. More recent work, 17, 21 in which N ϳ 1, can still make use of the parameter C, but the definition in terms of an absorptive path length al is perhaps not as useful a concept. However, a generalization of the definition of C was used in Ref. 20 to take into account (by the use of Monte Carlo simulation methods) the different coupling strengths for atoms located at various positions in the cavity mode.
It is apparent from Eqs. (3) that in the weak-field limit ͑x , , 1͒ the atomic polarization and the field mode of the cavity behave as linear, coupled oscillators. The atomic inversion is given to lowest order in x as simply m͑t͒ 21, independent of time. For the case Q D 0, the eigenvalues found from Eqs. (3) for the normal mode frequencies associated with ͑v, x͒ are l 6 ͞g 21͞4͑ m 1
1/2 . In unscaled time units this becomes l 6 ͑k 1 g Ќ ͒͞2͕͓͑k 2 g Ќ ͒͞2͔ 2 2 g 2 N͖ 1/2 . For the particular choice of equal cavity and polarization decay rates, we have l 6 ͑k 1 g Ќ ͒͞2 6 ig p N. More generally, the exchange will be oscillatory when g p N is larger than the difference between the cavity and the atomic polarization decay rates and will be resolvable if g p n is greater than one-half the sum of the dissipative rates. The exchange of excitation will nevertheless decay at the average rate of the composite system. Although our analysis is for the case N . . 1, in fact the splitting g p N persists to the level N 1 for 17
x , , 1 and is a characteristic feature of the coherent interaction term in the parent Hamiltonian common to a wide range of problems in quantum optics. 1 -4 Because the eigenfunctions u 6 that correspond to the eigenvalues l 6 are superpositions of both the cavity field x and the atomic polarization v, one is led to a perspective that views the atom -cavity interaction in terms of the dynamics of one composite system and not in terms of a simple redressing of atomic radiative processes. Only in the limit m !`͑k . . g͒ with C fixed can the field vari- ables be adiabatically eliminated to produce a description of enhanced or inhibited spontaneous emission and of radiative frequency shifts without references to the dynamical partnership between cavity and atoms. [Note that in this limit l g͑1 1 2C͒, which is precisely the enhanced emission rate first noted by Purcell. 24 Our current investigation centers on the time evolution of the intracavity field x (and hence of the transmitted field that is proportional to x) for a variation of the incident driving field y͑t͒. We choose y͑t͒ to be of the form
that is, the driving field y͑t͒ is switched from a constant value y 1 that has been maintained over the indefinite past to a new constant value y 2 that will be maintained in the indefinite future with an exponential transition of time constant a 21 (in units of g 21 ). Note that y j corresponds to a steady-state value x j , through Eqs. (3), with
where y j is constrained such that jx j j , , 1. Equation (5) is simply the state equation of optical bistability in the weak-field limit. 22 Equations (3) can be solved for x͑t͒, given the assumed form for y͑t͒ from Eq. (4) in a straightforward fashion by Laplace transformation. 26 We find É x͑t͒ x͑0͒
where the coefficients A 1 , A 2 , A 3 , and A 4 are functions of m, C, a, D, Q, and a y 2 ͞y 1 , and are given by 
We note in particular the case D Q 0 with a !`and y 2 0, which corresponds to a step input pulse y͑t͒ from an initial value of y 1 to a final value of 0, for which
For comparable atomic and field decay rates ͑ m ϳ 1͒ and for g p mC g p N that are sufficiently large, we find an oscillatory regression of x͑t͒ to the new steady state at the frequency V Ӎ g p N . Excitation is repeatedly transferred from the atomic polarization to the cavity field and back again. Also note that for either t 0 or t !`, Eq. (6) reduces to the steady-state relation (5), as it must. Further, for the case of weak coupling between atoms and cavity ͑C ! 0͒ and for a step input pulse from y 1 to y 2 , we find the usual expression for the transient response of an empty cavity 27 :
where
The results expressed in Eq. (6) are illustrated in Fig. 1 . The response of the cavity without atoms [Eq. (6) with C 0, Q 0 and a step function from y 1 to y 0 at t 0] is simply an exponential decay at the rate 2k (for the intensity). The change from monotonic decay at the rate 2k to an oscillatory response that is characteristic of the coupled (atom plus field) system is rather striking. In Fig. 1 we consider Eq. (6) for increasing values of the cooperativity parameter C for m 2k͞g 1.
(This value of m is chosen to correspond to that in experiments described in Section 3; the curves shown in Fig. 1 are quite insensitive to this choice for large C.) In addition to the coherent ringing shown in the figure, note that the initial value of the intracavity intensity I ͑t͒ jx͑t͒j 2 becomes quite insignificant compared with the size of I ͑t͒ at later times. This behavior can be easily understood in terms of the interference between the coherent driving field y and the field radiated by the atomic polarization. For D Q 0 and for a stepfunction switching of y͑t͒ from y 1 to 0 at t 0, we have from Eq. (5) that x͑0͒ 2 y 2 ͑͞1 1 2C͒, where the term 2C expresses the reduction of the intracavity field that is due to the atomic polarization. At time t 0 1 , just after the driving field has switched off but before the decay of the atomic polarization, the intracavity field x͑0 1 ͒ Ӎ 2Cv Ӎ 22Cy 2 ͑͞1 1 2C͒ Ӎ 2y 2 for C . . 1. Hence x͑0 1 ͒͞x͑0 2 ͒ Ӎ 22C and I ͑0 1 ͒͞I ͑0 2 ͒ Ӎ 4C 2 . In qualitative terms, the driving field y and the field emitted by the polarization are similar in magnitude but are of opposite signs and hence interfere to produce a resultant field jxj , , y. When y is switched off, the cavity field changes sign and is given by the polarization term alone. The excitation stored in the atomic polarization represents excitation of a superposition of normal modes; the decay is thus oscillatory at the frequency of the normal mode splitting. Note that because the peak emission intensity scales as N 2 , the atomic emission is cooperative in the sense of superradiance, which is an analogy that has been repeatedly stressed in the literature on optical bistability. Indeed, in view of the discussion in Ref. 6 , we might call this transient decay the ringing regime of superradiance without quantum fluctuations. For N . . 1 quantum fluctuations play no role because the atomic polarization starts from a large nonzero value without the requirement of quantum initiation.
We explore the influence of a finite turnoff time a 21 for the incident field y͑t͒ in Figs. 2(a) and 2(b). For both cases, the cooperativity parameter C 50, m 1.0, G 1.0, and D Q 0. We change only the rate a at which the field y is reduced from y 1 to 0. Note that as the rate decreases, the prominent features displayed in Fig. 1 , for which the rate of switching was assumed to be infinitely fast, are gradually lost. In this regard the following two time scales are relevant: (1) For a ϳ p mC . . 1, an appreciable fraction of the initial field y 1 is 6 . Schematic of the experiment. The main components for the experiments described in the text are the electro-optic modulator (EOM), which is used to turn the input field from one level to another. It is driven by a pulse generator, which also triggers the photon-counting system. The time-to-digital converter (TDC) collects the data in the form of standardized pulses originating at the photodetector and stores it in the histogramming memory unit, from which it can later be read by the PC. The atomic beams cross the cavity waist perpendicularly as shown.
present at the time of the first emission peak. Because y 1 and the polarization field are shifted in phase by p, the size of the first peak is greatly reduced. (2) For p mC . . a ϳ 1, the field y decays on a time scale comparable with the dissipative time scale. The oscillatory regression is lost or the system moves to a regime of adiabatic response to the change of the driving field ͑a , , 1͒.
In Fig. 3 we consider the effect of a nonzero switching ratio a ϵ y 2 ͞y 1 , which is of a switching from an initial value y 1 to a final value y 2 fi 0. For increasing a, we see a drastic decrease in the size of the oscillatory waveforms relative to the a 0 case. The large emission expected from the stored excitation in the atomic polarization combines out of phase with the field y left standing in the cavity to produce a greatly reduced resultant. Figure 4 illustrates the role of cavity detuning for fixed cooperativity parameter C and atomic detuning D 0. For large Q, the oscillation frequency approaches kQ, corresponding to the cavity detuning. In Fig. 5 the atomic detuning D is varied for fixed ͑C, Q͒. In this case the occurrence of an imaginary term in the eigenvalues corresponds to the usual splitting g Ќ D found for an atom in free space driven by a weak, detuned field. We note in passing that the shift in response frequency V as one moves from the case D 0 Q to the case Q . . 1 represents a cooperative analog to the vacuum radiative level shift reported in Ref. 28 . This behavior in the limits of large detunings and the connection to other cavity QED systems was explored more fully in Ref. 15 
EXPERIMENTAL RESULTS
Our experimental apparatus is shown in Fig. 6 . It consists of a set of 10 well-collimated, optically prepumped atomic beams of sodium with a rectangular cross section 0.5 mm 3 2 mm ͑width 3 height͒. Center-to-center spacing of the beams is 1.5 mm and each has a divergence of 61 mrad. Atoms are prepared in the 3 2 S 1/2 , F 2, m F 2 ground state by optical pumping with circularly polarized light to the 3 2 P 3/2 , F 3 state of the D 2 line at 589 nm. The two-state transition is then
The measured absorption width of 13 MHz is greater than the 10-MHz natural linewidth primarily because of transit broadening. For weak fields x , , 1, this mechanism is modeled as a homogenous process, 30 changing the polarization decay rate g Ќ ͞2p from the purely radiative value of 5 MHz to 6.25 MHz. Hence G 0.8, and the saturation intensity I s for the atomic transition becomes 7.3 mW͞cm 2 rather than 6.4 mW͞cm 2 when G 1. To draw a connection to recent work with small numbers of atoms in an optical cavity, 17, 21 the single-atom cooperativity parameter for this system is C 1 ϳ 1.5 3 10
22 . The atomic beams intersect at 90 ± , the axis of a standingwave cavity formed by a pair of mirrors of radius of curvature 5 cm at confocal spacing. Relevant parameters for this cavity are the mode waist v 0 69 mm, mirror trans- Fig. 7 . Data taken by the use of the setup described in the text: (a) the input laser pulse, as recorded with neither atoms nor cavity present, ( b) the transmission of the empty cavity, tuned to resonance. t 0, the point at which the input field was switched, is marked on each of the figures by the arrow at ϳ45 ns. mission coefficients T 1 T 2 ͑3.0 6 0.1͒ 3 10 23 , finesse F 400 6 20, and peak transmission T 0 0.14 6 0.02. From the cavity linewidth we calculate the parameter m͑ϵ 2k͞g͒ 0.750 6 0.038. The excitation source is a commercial (Coherent 699-21) frequency-stabilized cw dye laser (rms linewidth 500 kHz), which is mode matched to the TEM 00 mode of the cavity with an efficiency of greater than 94%.
After alignment to ensure perpendicularity of the excitation laser with the atomic beams ͑61 mrad͒, calibrations of the small-signal absorption are performed and related to the optical-pumping fluorescence and to another weak-field absorption signal measured downstream from the cavity.
The laser frequency is locked to the peak of the opticalpumping fluorescence signal. The cavity is locked to resonance by an auxiliary frequency-tunable, Zeemanstabilized He -Ne laser whose light is double passed through an acousto-optic modulator. The red He -Ne beam enters the resonator parallel to the excitation laser, but is displaced vertically to form a ring cavity and to be spatially separated from the output signal.
As discussed above, we wish to probe the linear response of the system and thus require weak intracavity fields ͑x , , 1͒. In the experiment the input intensity is switched from an initial level that satisfies the weak-field constraint to a lower level, and the time dependence of the intensity transmitted through the cavity is monitored by a standard time-correlated single-photon-counting technique.
A LeCroy 4204 time-to-digital converter records the relative time between a trigger (start) pulse edge, which is synchronous with the edge of the pulse that drives the electro-optic modulator, and an arriving nuclear instrumentation module level pulse from a constant fraction discriminator, which is the result of a detected photon. Total detection efficiency, including collection of the cavity output, quantum efficiency of the photomultiplier tube, and constant fraction discriminator threshold setting, is 2%.
The digitized time interval is transferred with a dead time of approximately 1 ms to a LeCroy 3588 histogramming memory unit that increments the bin for that time delay. After a run time (of duration ranging from 1 to 5 min) the data collection is stopped and the contents of the memory unit are read by CAMAC commands transmitted over the general-purpose interface bus (IEEE-488 standard) under the control of an IBM PC-AT. The data may then be displayed with the aid of various commercial software routines.
Two different sets of switching electronics were used, and the results of experiments for which these two different configurations were used are presented separately.
A. Case 1
For this experiment the electro-optic modulator and pulse generator pair allowed a repetition rate of 500 kHz. The decay time for the pulse was 6.2 6 0.2 ns, or a 1.3 in atomic lifetime units, and the off -on ratio was a 0.8. In this configuration, the output field consists of the transmitted input (0.64 I 0 ) and a smaller contribution that is due to the coupled atom -cavity system response.
First we look at the result when an empty cavity is probed by using this technique, which is shown in Fig. 7( b) . The exponential decay of the intensity from the cavity at a rate consistent with our known cavity linewidth of 7.5 MHz can be seen. For completeness, we shown in Fig. 7(a) the response at the detector with neither the atoms nor the cavity present when the intensity is switched between the same two levels by the same relative amount. Figure 8 shows the main experimental results of this paper. When the atoms are present in the cavity we see the oscillation in transmitted intensity at the coupling frequency g p N, which is indicative of the exchange of energy between the atoms and the cavity, starting with Fig. 8(a) . As the number of atoms is increased we see the oscillation frequency increase [Figs. 8(b) and 8(c)]. Because of the relatively slow input pulse decay and the fact that the input field is not turned off completely ͑a 0.8͒, the pronounced increase in output intensity after the input field is switched (as seen in Fig. 1) is not evident.
As noted, the coupling depends on the number of atoms, and when a monitor fluorescence signal is calibrated to the intracavity small-signal absorption, the cooperativity parameter C is determined by the absolute knowledge of al and the cavity finesse. We can then compare the measured frequency of oscillation with that predicted by theory for a given value of C. Figure 9 is a plot of the frequency, as measured from the separation of the first two peaks in intensity, versus the calculated frequency V th . Uncertainties in the measured splitting are 620% and 610% for the calculated frequency. They should be equal and, within our uncertainties, this is the case, although there appears to be a systematic deviation in the slope of the curve for higher values of C.
As anomalous feature of the data is a bump that appears in all the data sets near t 145 ns. This excess of counts is always in the same ratio to the ambient level, independent of the number of atoms present, and occurs at the same point in time relative to the trigger pulse edge, again independent of the number of atoms. From these considerations we can be fairly certain that the bump is not associated with any atom -cavity physics.
Shown in Fig. 8 for two of the data sets are the theoretical curves (solid curves) for the relevant parameters of the experiment. For the theoretical curves, an allowance was made to choose the parameters within our experimental uncertainty so as best to fit the data. Detunings were assumed to be identically 0 for the fits shown. It is possible to include a small jitter in detuning, which also corresponds to the experimentally achievable locking of the laser frequency and thus improves the fits somewhat for all data sets. However, with so many parameters, even when keeping within the experimentally relevant ranges, the fits are really only a qualitative measure of the theoretical consistency.
B. Case 2
We now alter the switching electronics and optics to achieve a repetition rate of 4 kHz and a pulse decay time ͑1͞e͒ of 3.5 6 0.5 ns, which gives a scaled decay time of a 2.2. For this set of data an important difference is that the off -on ratio for the field is much greater, a 0.2. This corresponds more closely to the ideal situation discussed in Section 2 and illustrated in Fig. 1 . The data shown in Fig. 10 clearly display the effect of the large outof-phase polarization as it releases energy to the cavity. Figure 10 demonstrates the effect of increasing numbers of atoms present in the interaction volume of the cavity which thereby dramatically increases the effective coupling coefficients g p N. The exchange frequency is not the most dramatically changing feature; rather, one sees that the value of the output field immediately after the input is switched begins to grow rapidly following an initial decay. As explained in Section 2, this is because the polarization field emitted by the atoms is out of phase with the input field. When the input field is suddenly and greatly reduced, the polarization oscillator has no way of adjusting to the new field until a time of the order of the inverse of the polarization decay rate. Thus the opposing push of the polarization field finds itself with nothing against which it can react, and we see a net field at the output of the cavity that is much larger than the steady state. As the number of atoms is increased, the excess of the transmitted field above the steady-state field becomes larger as the square of the parameter C. For the largest number of atoms [ Fig. 10(d ) ] we observe nearly a factor of 10 increase in the intensity transmitted by the cavity Fig. 9 . Observed oscillation frequency V exp versus theoretical prediction V th . The frequency is the inverse of the period determined from the data of Fig. 8 . The theoretical value is calculated from the value of the parameter C, which in turn was from a calibrated fluorescence signal. after the input intensity is decreased by approximately the same factor. This is a dramatic demonstration of the concept of the darkness wave radiated by the atomic polarization. The initial decrease in output intensity seen in the first four parts of Fig. 10 is less visible as the number of atoms is increased because it becomes too fast for the resolution of the time-to-digital converter configuration; in addition it becomes washed out because of any jitter in the triggering pulses or if there are detunings that change slightly during the course of a run. In spite of this we find that the scaling of the peak height as a function of the number of atoms is roughly as it should be according to theory. In Fig. 11 the peak height is plotted as a function of the square of the cooperativity parameter. There are large error bars on this set of data, but we see that the expected C 2 dependence is borne out by the data. For this plot we have used all runs that were made under the described experimental conditions.
We have not attempted to construct a plot similar to Fig. 9 for these data, as there is at most one oscillation observed. As mentioned above, the height of the initial peak is very sensitive to the cavity and atomic detunings. One can calculate from Eq. (6) representative curves from values of our experimental parameters to demonstrate this effect. The results would be similar to those in Fig. 5 . These are meant to explain qualitatively the reduction in peak height from its theoretical value with no detunings. A more realistic approach to modeling the observed behavior would include an averag- ing over different (small) detunings to simulate any jitter present in the actual experiment and to account for the smearing out of the peaks in this set of experiments.
CONCLUSION
We have experimentally demonstrated the oscillatory exchange of excitation between atoms and a single electromagnetic-field mode in an optical cavity. This so-called vacuum-field Rabi frequency can be explained in terms of the coupling of harmonic oscillators of similar decay rates. Our results agree with the theoretical calculations we have presented here, in which we have taken into account various nonideal experimental parameters.
Although we have taken advantage of a large number of atoms to increase the effective coupling between the cavity field and the atoms, it is important to bear in mind that the results described here are no different fundamentally from those predicted for a single atom strongly coupled to a cavity, as has been illustrated in Refs. 15 and 17.
We stress as well the agreement between theory and experiment. The simple semiclassical treatment used for the theoretical curves was used with no free parameters to fit the data, as shown in Fig. 9 . Absolute values of parameters known from independent measurements were used to generate the fits to the data.
Recently studies of a related phenomenon have been carried out by several groups. 30, 31, 32 In semiconductor microcavities there can be an exchange of energy between the field in the cavity and the collective polarization associated with excitons. Experiments have been done in both the time and the frequency domains, as was the case with the atom -cavity system. These extensions of the vacuum Rabi oscillation concept confirm the universal nature of this coupled oscillator picture. 
